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1-3 Furthermore, heavy transition metals, having radioactive properties such as uranium, cesium, americium, and their isotopes, could impose radiological risks to human. Thus, a development of effective and safe method to remove radionuclides from the body (decorporation) after uranium poisoning is of importance.
2,4-10 The current methods for the removal or recovery of heavy metal ions, such as, ion exchange, chemical precipitation, membrane filtration, and liquid extraction, unfortunately remain unsuitable for the purpose of decorporation. 8 Most of these methods involve expensive and complicated instrumentation, requiring cumbersome laboratory procedures and resulting in low throughput and limited practical application. However, the proposed method in this Note, colorimetric sensing, is of very promising because it needs less labor and inexpensive equipment. Furthermore, its naked-eye detection is much simpler than other closely related methods such as fluorimetric sensors.
11,12
Nanoparticles modified with noble metals, especially silver and gold, have attracted much attention due to their optical, electrical, and chemical properties. [13] [14] [15] In particular, ligand-modified metal nanoparticles have been employed as analytical tools in many environmental and biological fields. [16] [17] [18] The surface modification of nanoparticles with appropriate organic ligands not only stabilizes these nanostructures in different solvents, but also provides desirable surface functionalities. Noble metal nanoparticles modified with DNA have generated significant scientific and technological interest. 19 Recently, Mirkin and co-workers reported a DNA-gold nanoparticles-based colorimetric assay, in which the DNA had to be specifically modified for the detection of amino acids and toxic metal ions. 12 Although numerous studies have dealt with the detection of metal ions, there are only a few examples for UO 2 2+ ion as a chemosensor. Therefore, the study of a chemosensor for UO 2 2+ ion by using functionalized nanoparticles is still valuable. In this Note, we show that nitrilotriacetic acid-modified gold nanoparticles 1 act as a selective colorimetric probe for UO 2 2+ ion. Herein, we report the preparation of 1 and its application as a novel colorimetric sensor for UO 2 2+ ion. The 2,2',2''-nitrilotriacetic acid (NTA) containing aminobutyl group-functionalized gold nanoparticle 1 as a chemosensor for UO 2 2+ was prepared as shown in Scheme 1. Au nanoparticles were prepared as described previously. 8 The surface of Au nanoparticles was functionalized with NTA 2 at 25 o C for 2 h. The well-structured carboxyl groups of NTA perform steric effect to shield the Au nanoparticles from agglomeration. 20 Then, the functionalized nanoparticle 1 was well characterized by transmission electron microscopy (TEM), FT-Raman spectroscopy, time-of-flight second ion mass spectroscopy (TOF-SIMS), and UV-Vis spectroscopy.
To verify the immobilization of 2 (Scheme 1) onto the surface of Au nanoparticles, we observed FT-Raman and TOF-SIMS of 1. Peaks at 3263, 1684, and 1284 cm −1 were present in Raman spectrum of 1 ( Figure S1 ). These originated from 2 indicate that 2 was located on the Au nanoparticles. The TOF-SIMS spectrum of 1 displayed the molecular mass for 2 (m/z = 262.26), confirming that 2 was anchored onto the surface of Au nanoparticles ( Figure S2 ). UV-Vis spectrum of free 1 was also observed in aqueous solution at pH 7 ( Figure 1 ). An absorption peak observed at Scheme 1. Schematic illustration of the fabrication of 1 and its aggregation in the presence of UO2 2+ in aqueous solution.
Notes 516 nm originates from the surface plasmon absorption of 1 without metal ions. The spectrum with a narrow full-widthat-half-maximum (FWHM) indicates that the synthesized Au nanoparticles were monodispersed and uniform. The color changes of NTA-functionalized Au nanoparticle 1 were observed upon addition of metal ions such as Na 2+ changed from red to blue, with a dramatic increase in the absorbance ratio A 624 /A 516 . The addition of other metal ions, in contrast, had no effect on the color or absorption behavior of 1. Thus, the sensor 1 responds selectively to UO 2
2+
, which can be attributed to its aggregation induced by UO 2
. It is also well-known that the oxygen atoms of UO 2 2+ can be easily bound to carboxylate anions. Therefore, the UO 2 2+ ions might be bound to carboxylate of NTA immobilized onto the Au nanoparticles, which induced the aggregation of 1.
To determine whether the specificity in the detection of UO 2 2+ is compromised by complex mixtures of other metal ions, we inspected the R values (A 624 /A 516 ) of 1 with UO 2
in binary systems ( Figure S3 ). The sensor 1 was added as a stable dispersion in mixtures of these metal ions. However, the color change of 1 from red to blue was observed only when a solution of UO 2 2+ was added to the mixture ( Figure  1 ). Thus, we believe that the highly selective nature of the color change of 1 is due to the high selectivity of the assay for UO 2
. This result indicates that the detection of UO 2
can be performed in solution even when a mixture of other metal ions is present.
To investigate the color change of 1 with UO 2 2+ by comparing their morphologies of 1 and 1 with UO 2
, we observed the TEM image of 1 before and after addition of UO 2 2+ (Figures 2(A) and 2(B) ). The TEM image shows that prior to the addition of UO 2
, the particles of 1 are highly dispersed and uniform in aqueous solution with diameters of ca. 10 nm. After the addition of UO 2
, the particles of 1 increased in size and became highly aggregated into aggregates of 20-30 nm of diameter (Figure 2(C) ). This aggregation resulted in the red-to-blue color change reflecting to the interparticle coupled plasmon excitons in the aggregated states.
To evaluate the minimum concentration of UO 2 2+ aqueous solution detectable by the color change, we added UO 2
into the mixture of 1 over the concentration range 1.0-20.0 µM. UO 2 2+ was detectable by eye with 1 at levels as low as 1.0 µM ( Figure S4 ). In addition, a linear response between R values (A 624 /A 516 ) and concentration of 1 was observed between 1.0 and 20.0 µM with a detection limit of ca. 1.0 µM.
For a biological or environmental chromogenic sensor, the sensing should be effective over a wide pH range. Thus, we examined the effect of pH on absorbance (A 624 ) of 1 in the presence of UO 2 2+ (pH 4-12). As shown in Figure S5 , the absorbance under neutral and basic conditions was higher than under acidic condition due to the stronger aggregation of 1 with UO 2 2+ by the electrostatic interaction between the carboxylate anion of 1 and UO 2 2+ under neutral and basic conditions as shown in Figure 3 .
In order to provide direct evidence for the electrostatic interaction between the carboxylate anion of 1 and UO 2 2+ , we obtained FT-IR spectra of 1 with and without UO 2
. The vibrational bands for the COO − species of 1 in the absence of UO 2 2+ showed strong bands at 1398 and 1386 cm −1
. In contrast, in the presence of UO 2
, the vibrational bands for the COO − species of 1 showed a strong band at 1404 cm
. These results are strong evidence for the electrostatic interaction between the UO2 2+ and COO − species of 1. In conclusion, we have demonstrated the fabrication of the NTA-functionalized Au nanoparticle 1 and its successful application for the selective visual detection of UO 2
. We believe that our current approach will provide a more convenient method for selective detection of UO 2
, when compared with the current methods, which require multi-step processes and expensive instrumentation. We also believe that our approach can be employed for anchoring other target metal ions on nanoparticles, potentially producing a range of novel environmental and biomedical nanomaterials.
Experimental
Instruments.
1

H and
13 C NMR spectra were measured with a Bruker 300 apparatus. IR spectra were obtained for KBr pellets, in the range 400-4000 cm
, with a Shimadzu FT-IR 8400S instrument, and the MS spectrum was obtained with a JEOL JMS-700 mass spectrometer. All UV-Vis absorption spectra were recorded in RF-5301PC spectrophotometer. Time-of-flight second ion mass spectrometer (TOF-SIMS) was analyzed on Model PHI 7200 equipped with Cs and Ga ion guns for positive and negative ion mass detection. FTRaman spectra were measured by Model LabRAM HR800.
Synthesis of NTA-Modified Gold Nanoparticle (1). Gold nanoparticles with average diameter of ca. 20 nm were prepared by the citrate-mediated reduction of AuCl 3 . An aqueous solution of AuCl 3 (5.0 mM, 1.0 mL) was stirred at room temperature, and then sodium citrate solution (30 mM, 1.0 mL), sodium borohydride (50 mM, 1.0 mL) were added quickly, resulting in a change in solution color from pale yellow to deep red. After the color change, the solution was heated under reflux for an additional 30 min and allowed to cool to room temperature. Ligand exchange reactions were performed under stirring at room temperature for 24 h by mixing a given volume of as-prepared gold colloids with water solution containing an excess of 2,2',2''-nitrilotriacetic acid containing aminobutyl group as a functional ligand. The solutions of functionalized gold nanoparticles were centrifuged for 30 min and redispersed in aqueous solution after the supernatant was removed. The particles were washed three more times, and finally redispersed in the detection buffer. The solution was then adjusted to pH 7 by 2-(cyclohexylamino)ethane sulfonic acid (CHES) buffer.
Colorimetric , the stock solutions of these metal ions in the detection buffer were mixed with the probe solution prepared as described above at room temperature to a final volume of 1 mL (The final concentration of Au nanoparticles probes was 1.0 µM). The color changes of 1 with 1.0 µM of metal ions were observed. To evaluate the sensitivity of the assay, the final concentrations of UO 2
2+
were varied from 1.0 to 20.0 µM. The selectivity for UO 2
was confirmed by the addition of the stock solutions of other metal ions to 1, using the same conditions, with a final metal ion concentration of 20.0 µM.
